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Flapping wing concept is emerging area in the Micro Air Vehicle (MAV) research. Extensive efforts are 
being done in this direction to replace gear and motor arrangement. In the present work, a mylar film 
with Polyvinylidene Fluoride or PVDF as actuator is demonstrated for the flapping in the frequency 
range of 3-16Hz. Specimens were prepared with different length and width ratios of mylar film. 
Uniaxially stretched and high quality poled PVDF films have been used for this application. Various 
parameters have been optimized to obtain maximum deflection of Mylar film by using PVDF as an 
actuator. The maximum displacement of flapping recorded was 5.78mm at 12Hz resonance frequency. 
Results have been validated using Ansys via modal & harmonic analysis.  
 
1. INTRODUCTION 
The concept of micro-sized Unmanned Aerial Vehicles (UAVs) or Micro Air Vehicles (MAVs) has gained 
increasing interest over the past few years, with the aim of carrying out surveillance missions
 
[1]. The 
parameters that are critical to MAV execute/conduct Intelligence, Surveillance & Reconnaissance (ISR)  
missions are size, weight, payload and ability to operate in stealth mode. Lightweight, low-speed MAVs are 
often more rigid than larger vehicles due to the non linear scaling of the strength of materials. MAVs design 
presents new challenges to the aerospace engineer because they operate in relatively new flight regimes where 
classical design methods begin to fail for reasons associated with the physical characteristics of air flow around 
small surfaces.  
 An approach in the field of MAV designs is required seeking high levels of maneuverability and 
aerodynamic efficiency, inspired by the birds, bats and flying insects [2-6]. While birds and bats possess active 
musculature along the span of the wing [7], insects have textured, flexible and thin wings that passively bend 
and twist appreciably in flight, leading to instantaneous changes in aerodynamic behavior. Flexible airfoils for 
MAVs have been used by various authors keeping above features in mind [8, 9].  
 Several groups across various universities have developed their flapping MAVs with different 
configurations and actuation principles [10-13].  Irrespective of the scale of the model, the general structure 
involves a motor which drives gears and linkages to achieve the flapping action. The proposed work envisages 
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the replacement of currently employed motor and gear system, by the use of flexible PVDF for actuating the 
flapping action. The adaptability of PVDF as a sensor as well as actuator, would greatly aid in active control of 
the wing aerodynamics. PVDF has been used for the present investigation owing to its transparency, good 
piezoelectric property, chemical inertness, flexibility, lightness and ability to be flesh mounted or embedded in 
situ. The novel approach of replacement of gear and motor approach, with PVDF as actuator, would aid the 
weight reduction and further miniaturization of the design. Our work is aimed to accomplish the state of the art 
technology in the flapping wing of MAVs with PVDF as actuator.  
With the advent of computer technology in the last few decades, new product to be launched in the market is 
first generated in virtual environment and thereafter, simulated like a real prototype model using finite element 
technique. This technique helps in generating several virtual models without building a physical prototype and 
helps in creating a better product by performing more iteration of several design solutions. Finite element 
technique can now be used to simulate piezoelectric behavior of the existing structure material.  
 This paper presents flapping of Mylar sheet using PVDF piezoelectric actuators at resonance. Resonant 
frequencies of Mylar sheet coupled with PVDF films have been obtained through model analysis of general 
purpose commercially available finite element solver ANSYS. Harmonic analysis has been carried out to 
evaluate tip deflection at the tip of the sheet by using piezoelectric coefficients at resonant frequencies. 
Experimental studies have been carried out and compared with numerical results.   
2. Specimen design:  
Flapping wing concept has been studied by considering wing as a cantilever beam. A cantilever beam here 
consists of PVDF film fixed on the Mylar film.  The main function of PVDF is to actuate the Mylar film. The 
properties of PVDF films developed at CSIR-NAL [14, 15] and Mylar film have been presented in Table 1 and 
2 respectively.   
 The optimization of the dimensions of PVDF and Mylar film; and location of PVDF actuator on the wing 
are critical to achieve the desired flapping action of the wings. The thickness of PVDF and Mylar are coupled 
variables which ought to be optimized to get the required flapping frequency. The specimen design is shown in 
Figure 1a.  The actual specimen is shown in Figure 1b.  
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Figure 1a: Design of the specimen 
 
Figure 1b:  Actual specimen 
 
Table 1: Properties of PVDF film prepared at NAL 
Piezoelectric voltage co-efficient, d33 25 pC/N 
Tensile Strength, TS 150 MPa 
Tensile Modulus, TM 1.5 GPa 
Young’s modulus, E 2 GPa 
Poisson’s ratio, γ 0.29 
Density,  1790kg/m
3
 
  
The standard dimension of length 40 mm, width 16mm and thickness of 0.205mm of PVDF film were used 
in all the flapping experiment. Mylar film of various dimensions was taken for this study. The bare side of 
PVDF was bonded on to the Mylar film using a suitable bonding agent.  
Table 2: Properties of Mylar film 
Density 1390kg/m
3 
Young’s modulus 3-5GPa 
Poisson’s ratio 0.35-0.38 
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The displacement of Mylar film has been measured using Laser Displacement unit (Micro-Epsilon 1302). 
The opaque Aluminium coating has been done at the end of the Mylar film as shown in Figure 1 for measuring 
the displacement. 
3. Modeling of the specimen: 
The beam structure with various dimensions as listed in the Table 3 for Mylar sheet and constant dimensions 
of PVDF film as 42.5 X 16 X 0.206 mm is modeled using 3D solid elements, and the PVDF films are modeled 
by 3D coupled field piezoelectric elements. Both modal analysis and harmonic response analysis are performed 
to obtain the resonant frequencies and tip deflection at the end of the flapping wing.  
 
Three dimensional solid model of rectangular Mylar sheet with dimensions shown in Figure 1 along with PVDF 
is generated using general purpose finite element modeling package ANSYS. This model consists of 3-D 20 
node solid-186 elements for Mylar sheet.  This element exhibits quadratic displacement behavior and having 
three degree of freedom per node.  Piezoelectric behavior of the PVDF material is simulated using three 
dimensional 20-node solid-226 piezoelectric elements.  The element has twenty nodes with up to five degrees of 
freedom per node. Structural capabilities are elastic only and include large deflection and stress stiffening. 
 
This cantilever beam structure shown is fixed like a cantilever beam at one end and other end of the beam is 
kept free to vibrate. Loads in the form of voltage is applied at the nodes and appropriate material properties  as 
shown in Table 1 and 2 of Mylar sheet and piezoelectric PVDF material has been input to obtain accurate 
normal deflection at the end of the flapping wing.  
       
   Fig 2a: Modeling of PVDF     Fig 2b: Modeling of Mylar film 
The bonded specimen was modeled as shown in Figure 3 and the effect of voltage on solid element 226 of 
PVDF film is shown in Figure 4 
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Fig 3: Bonding of Mylar with PVDF              Fig4: Effect of voltage on PVDF film 
                                                                                  
4. Experimental Setup:  
Figure 5 presents the block diagram of the experimental setup for flapping wing displacement measurement.  
 
Fig 5: Block diagram of the experimental setup. 
 
The signal generator generates the flapping frequency. A sinusoidal voltage of maximum 3Vpp from the signal 
generator was fed to the piezo driver/amplifier (PZD 350A), before being fed to the specimen. The frequency of 
the driving voltage was adjusted to operate at resonant frequency, in order to obtain maximum displacement 
which is measured using LASER displacement unit. The experimental setup has been shown in Figure 6. 
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  Figure 6a Test setup       (b) Magnified view of ‘A’ in Figure 6a 
5. Results & Discussions: 
Numerical Results: 
Natural frequencies of Mylar sheet having 90, 20 and 0.025 mm length, breadth and thickness respectively, 
bonded with PVDF film have been obtained using modal analysis. Thereafter, harmonic analysis has been 
carried out at the natural frequencies to obtain deflection at the end of specimen. These studies have been 
carried out from 3 to 16 Hz frequencies to obtain maximum deflection for flapping wing application.  Figure 7 
shows four different modes of this flapping wing specimen at 2.72, 13.14, 15.4 and 22.48 Hertz.      
 
             Fig 7a: Mode 1 at 2.72 Hz          Fig 7b:  Mode 2 at 13.14Hz 
A 
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    Fig 7c:  Mode 3 at 15.44 Hz                                         Fig 7d:  Mode 4 at 22.48Hz 
Finite element analysis shows that at natural frequency of 15Hz, maximum deflection at the end of the specimen 
is 5.916 mm as shown in Figure 8a and b.  
   
 Figure 8a: Frequency Vs. Displacement      Figure 8b: Mode shape at 15Hz 
Experimental Results: 
A Number of experiments were conducted by changing the length, breadth and thickness of Mylar film while 
keeping the dimensions of PVDF as 42.5 X 16 X 0.206 mm.  The resonance frequency and displacement 
corresponding to different dimensions of Mylar has been presented in Table 3. The maximum displacement of 
5.916mm was found for Mylar dimension of 90 X 20 mm for 0.025mm thickness. The same experiment was 
conducted by doubling the thickness of the Mylar film and it was found that displacement has become 
approximately half while resonance frequency has reduced from 12 to 9Hz.   
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Table 3:  Comparison of Experimental and Analytical results: 
From the experimental results it was found that PVDF can actuate Mylar film and can be used for MAV’s 
flapping wing applications.         
Conclusion: 
Experimental and numerical studies have been carried out to predict normal tip deflection at the free end of 
flapping wing. Different length and width of Mylar film bonded with PVDF film has been taken for the present 
study. This has been excited by piezoelectric flexible actuators at natural frequencies. The modal and harmonic 
analysis has been carried out using ANSYS finite element solver. Analysis shows excellent comparison in 
between numerical and experimental results at all the frequencies considered in this paper. Present investigation 
shows that maximum deflection of 5.781 mm is obtained at 12Hz resonant frequency.      
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